INTRODUCTION
Skeletal muscle α-actin (encoded by the ACTA1 gene) is the principal actin isoform in adult skeletal muscle. It is the core of the thin filament of the sarcomere and interacts with a wide array of proteins, notably myosin in thick filaments, producing the force for muscle contraction [1] . Skeletal muscle α-actin is just one member of the actin protein family, which consists of six isoforms. Genetic defects in ACTA1 result in congenital myopathies of varying severity [2] [3] [4] . Skeletal muscle α-actin provides the functional maintenance for muscle development, and its expression is regulated by its promoter. Therefore, using bovine muscle satellite cells to screen and study the promoter's function in gene expression could lead to a way to improve muscle mass in food animals. Although many studies have explored the role of the ACTA1 gene in disease, little attention has been paid to its transcriptional regulatory mechanisms. Characterizing its promoters could help us better understand the mechanisms of gene expression and provide information about upstream signaling and transacting elements affecting gene expression. This knowledge could help identify specific roles for particular genes at particular times [5] . The ACTA1 promoter regions in mouse [6] , human [7] , and chicken [8] have already been isolated and analyzed. The bovine skeletal muscle α-actin gene is located at chromosome 28p, between nucleotide positions 427010 and 432766, and is split into seven exons and six introns. In previous work the bovine ACTA1 promoter was cloned and analyzed [9] . However, this work raises a number of questions about ACTA1 regulation. For further research a systematic analysis and thorough characterization of the transcription factors activated by ACTA1 that play roles during muscle tissue differentiation, we attempted to define the precise base pairs and functions of SRE by PCR site-specific mutagenesis and then modify the promoter according to the results. Some research has been carried out on improving the activity of promoters, including changing the position or orientation of the transcriptional units or even incorporating insulating sequences in the promoter; however, the tissue specificity of the artificial promoter created was not studied further [10] . The promoter/enhancer fragments were combined randomly to improve the activity of the promoter without losing its tissue specificity in research by Li et al. [11] . However, this method is time-consuming. These artificial tissue-specific promoters were large or toxic in transgenic animals [12, 13] . In our study, we used a strategy to modify the bovine ACTA1 promoter to enhance its activity and maintain its muscle tissue specificity. The expression of ACTA1 in transfected cells with modified promoters increased as compared with control cells. These artificial promoters of ACTA1 also improve the expression of other functional genes during muscle development, and could be applied in research on transgenic animals to increase the yield of meat mass in livestock. They may also be of interest to clinicians who are searching for therapeutic modalities with high efficacy and low toxicity and may be useful tools to study ACTA1 regulation and function.
MATERIALS AND METHODS

Bioinformatics analysis
The DNA sequences of the promoter were analyzed using the MatInspector software (Transcription Factor Predict Software at http://www.genomatix.de/en/index.html). Multiple-sequence alignment of published bovine, human, mouse, and rat ACTA1 promoter sequences retrieved from GenBank was performed using the DNAMAN software package and refined manually.
Isolation of the 5′-flanking region
Genomic DNA was obtained from bovine fetal fibroblast cells, and 5′-flanking sequences of the ACTA1 promoter were cloned from the genomic DNA. The truncated 5′-flanking promoters of ACTA1, from +29 to −1560 bp, including 142 bp, 248 bp, 262 bp, 332 bp, 389 bp, 430 bp, 490 bp, 854 bp, and 1589 bp, were cloned by PCR amplification according to the results of the bioinformatics analysis. Table 1 lists the primers. PCR site-specific mutagenesis of SRE Based on the activity of the truncated 5′-flanking promoter, we isolated the core promoter of ACTA1, from +29 to −233 bp, which was sufficient to activate transcription. We identified three SREs in the 5′-flanking region in the core promoter of ACTA1 based on the results of the transcriptional regulatory elements predicted by MatInspector software, designated as SRE1, SRE2, and SRE3. In order to assess whether these SREs were essential for the activity of the bovine ACTA1 promoter, the cis-acting elements in the truncated 5′-flanking sequence of the ACTA1 promoter were mutated by the PCR site-specific mutagenesis method. Table 2 shows more details. 
Reforming of bovine ACTA1 core promoter
To construct an artificial promoter with high activity, a partial fragment from −55 to −224 bp of the bovine ACTA1 promoter was first amplified by PCR and designated "clone." The sequence was 5′-CCATATACGGCCCGGCCCGTG TTACCTGGGCTCAGGCCAGGCCTCTCCTTCTTTGGTCAGCGCAGGGG ACCCGGGCGGGGACCCAGGCCTTGAACTGGTCGGGGGAGGGGGCTC TAGTGCCCAACACCCAAATATGGCTCGAGAAGGGGAGCGACATTCCT GCGGGGCGG-3′. It contained two SP1s (Special protein 1) and three SREs. Then, this fragment was connected upstream of the ACTA1 core promoter at 262 bp to construct artificial promoters containing two and three copies of the partial fragment. The forward and reverse gene-specific primers of the first clone were engineered at the 5′ KpnⅠ and 3′ BamHⅠ sites, and the forward and reverse gene-specific primers of the second clone were engineered at the 5′ BamHⅠ and 3′ XbaⅠ sites. The PCR products were purified and then ligated into the cloning vector pMD18-T (Takara) and named as pMD18-T-clone1 and pMD18-T-clone2. The first clone fragments were excised with KpnⅠ and BamHⅠ restriction endonuclease from the pMD18-T-clone1 vector (all restriction enzymes were from New England Biolabs, MA, USA) and subcloned into pMD18-T-α-actinp262 to construct the promoter containing two copies of the gene promoter regulatory element designated as pMD18-T-double-α-actinp262. The 170 bp BamHⅠ/XbaⅠ fragment was isolated from pMD18-T-clone2 and then ligated into pMD18-Tdouble-α-actinp262, which had been digested with BamHⅠ and XbaⅠ to construct the recombinant expression vector pMD18-T-triple-α-actinp262, containing three copies of the gene promoter enhancer regions. Fig. 1 shows a schematic diagram of the reformed promoters. Table 3 lists the primers. 
Construction of luciferase reporter vectors
All the vectors above were verified by sequencing to ensure that the promoters had positive orientation. Then all fragments were subcloned into a promoter-less vector pGL3-basic (Promega, Madison, WI, USA). The recombinant vectors were named pGL3-α-actinp142, pGL3-α-actinp248, pGL3-α-actinp262,
, pGL3-double-α-actinp262 and pGL3-triple-α-actinp262.
Both the pcDNA3.1(+) plasmid (Promega, Madison, WI, USA) containing the cmv promoter and the pGL3 plasmid were digested with BglⅡ and HindⅢ, then the recombinant expression vector named pGL3-cmv with the enhancer sequence cmv was constructed.
Construction of ACTA1 expression vectors
According to the gene sequence of ACTA1, the partial gene fragment of ACTA1 from the start codon to the termination codon was 1624 bp. The two primers (sense:
BamHⅠ, CGCGGATCCGCGCATGTGTGACGAAGACGAGA; antisense: HindⅢ, CCCAAGCTTGGGCTAGAAGCATTTGCGGTGGA) were designed and synthesized. The PCR product was 1625 bp, which was constructed by PCR amplification using bovine genomic DNA as a template. The amplified DNA fragment was ligated into the cloning vector pMD18-T and designated as pMD18-T-α-acting. The nucleotide sequence of the insert was confirmed by sequencing. The inserted DNA fragment was digested with BamHⅠ and HindⅢ and then constructed into pGL3-α-actinp262, pGL3-double-α-actinp262, pGL3-triple-α-actinp262, and pGL3-cmv. The recombinant vectors were designated as pGL3-α-actinp262-α-acting, pGL3-double-α-actinp262-α-acting, pGL3-triple-α-actinp262-α-acting, and pGL3-cmv-α-acting, respectively.
Cell culture and transfection
Bovine muscle satellite cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Thermo Scientific HyClone, Logan, UT) supplemented with 20% fetal bovine serum (FBS, Gibco) and 10% horse serum (HS, Gibco). In order to test the tissue specificity of the promoter, the vectors were transfected into bovine fetal fibroblast cells, a cell line that does not express bovine ACTA1 endogenously. Bovine fetal fibroblast cells were cultured in DMEM supplemented with 15% FBS. All culture media were supplemented with 100 units/ml penicillin and 100 μg/ml streptomycin and incubated in a humidified atmosphere containing 5% CO 2 and 95% air at 37°C. Before transfection, bovine fetal fibroblast cells and muscle satellite cells were seeded into 12-well plates to obtain approximately 90% confluence through culturing overnight. Subsequently, the transient transfections were performed with the promoter luciferase reporter vectors using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Each well was transfected by pGL3-ACTA1-promoter, pGL3-Basic, or pGL3-cmv. The phRL-TK (Promega, Madison, WI, USA) vector expressing Renilla luciferase was used as an internal control. The ratio of vectors for the internal control was 50:1. The ratio of total plasmid DNA to the Lipofectamine 2000 transfection reagent was 1:1.6. Cells were transfected in triplicate for each construct according to the manufacturer's instructions. All experiments were repeated three times. The bovine muscle satellite cells were seeded into 6-well plates to detect the expression of ACTA1. Each well was transfected by pGL3-ACTA1-promoter-α-acting, pGL3-Basic, and pGL3-cmv-α-acting. The transfection method was as described above.
Luciferase assay
Lipofectamine 2000 complexes were removed after 4 h. Then 1 ml of appropriate medium supplemented with 2% HS was added to bovine muscle satellite cells to induce myoblast formation, and 1 ml of appropriate medium supplemented with 15% FBS was added to bovine fetal fibroblast cells. The Luciferase Assay System (Promega, Madison, WI, USA) was used to detect luciferase activity according to the manufacturer's instructions. Firefly luciferase activities were normalized by the Renilla luciferase activity (phRL-TK) in each well, and the observed values were compared with the value of the negative control luciferase vector pGL3-basic and positive control luciferase vector pGL3-cmv.
Quantitative RT-PCR analysis of ACTA1 mRNA expression
The expression of the ACTA1 gene was detected by SYBR Green Quantitative RT-PCR. A pair of primers (sense: 5′-AAGTCTCGCTTCCTTCCCAC-3′; antisense: 5′-GGATACCCCTCTTGCTCTGC-3′), designed based on the ACTA1 gene, was used for amplifying an ACTA1 fragment of 280 bp. Total RNA from bovine muscle satellite cells was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA), then further purified by chloroform extraction. The procedures were as described by Wan et al. [14] . Data were analyzed by the 2 -ΔΔCt method [15] using β-actin as a reference gene.
Western blot
Cells were collected for western blot as described by Wan et al. [14] . Western blot detection of ACTA1 was performed during differentiation at 72 h. Primary antibody against ACTA1 and its corresponding secondary antibodies conjugated to HRP were purchased from Santa Cruz Biotechnology.
Immunofluorescence and microfilaments of bovine muscle satellite cells
Immunofluorescence detection of ACTA1 was performed during differentiation at 72 h. Cells were fixed at -20°C with methanol for 10 min. Fixed cells were washed with saline (PBS) and immunochemical staining was carried out following the manufacturer's instructions. Cells were incubated for 1 h with 5% bovine serum albumin (BSA) dissolved in PBSt (0.1% Triton X-100 dissolved in PBS). Cells were then washed once with PBS and were incubated with a primary antibody against ACTA1 at appropriate dilutions for 1 h at 37°C. They were then rinsed three times with PBS and were incubated with corresponding secondary antibodies (conjugated to FITC) for 1 h at 37°C. Cells were then rinsed three times with PBS and incubated in 4,6-diamino-2-phenylindole (DAPI) for 3 min. Cells were rinsed three times with PBS and mounted with an anti-fluorescent quencher for observation.
The analysis of microfilaments was carried out by immunostaining with FITClabeled phalloidin. Cells were incubated with phalloidin at appropriate dilutions for 60 min at 37°C. The procedures were as described above.
Statistical analysis
Images on western blots were recorded by grayscale scanning with Band Scan 5.0. Statistical evaluation of the data was conducted using SPSS version 16.0. One-way ANOVA and paired-sample t-test were used for statistical analysis. For multiple comparisons, Duncan's multiple range test was used (p < 0.05). The data are presented as mean ± standard error (SD) values of n independent determinations.
RESULTS
Bovine ACTA1 promoter clone and bioinformatics analysis
Multiple sequence alignment of the ACTA1 promoter with orthologous sequences from different species was analyzed ( Fig. 2A) . A representative minimal homology tree for the ACTA1 promoter of different species is shown (Fig. 2B) . The sequence homology between bovine and human was 83%, between mouse and rat was 92%, and between bovine and mouse (rat) was 73%. Fig. 2 . Alignment, homology tree, and phylogenetic tree of predicted sequences of the bovine ACTA1 promoter. The sequences were derived from the GenBank database: Bos (accession no. AC_000185.1), Homo (accession no. NC_000001.11), Mus (accession no. NC_000074.6), and Rattus (accession no. NC_005118.3). A -Multiple comparison of promoter sequences of bovine, human, mouse and rat. The black background represents complete identical promoter sequences among species; B -Homology analysis. The percentages on the branches represent the degree of promoter DNA sequence homology. Fig. 3 . Characterization of the bovine ACTA1 promoter. Important putative binding sites for transcription factors are indicated by squares. The transcriptional start site is indicated by +1 below the site. The sequence represents the genomic fragment encompassing 1564 bp upstream and 29 bp downstream of the predicted transcription start site used in the reporter gene expression assay. The 5′-flanking promoter region evaluated is denoted above the appropriate site with a solid inverted arrow along with the promoter fragment size in bp. The TATA box was located in position -27.
Using genomic DNA as a template, we cloned the full-length bovine ACTA1 promoter and 1559 nucleotides at the 5′-flanking region and 29 nucleotides at the 3′-flanking region (accession no. AC_000185.1). Deletion mapping studies within the 5′-flanking region were carried out to locate functional elements important for ACTA1 transcription. The 5'-flanking region of the ACTA1 promoter was schematized (Fig. 3) .
Identification of bovine ACTA1 gene core promoter
To investigate the promoter activity of the bovine ACTA1 gene, we generate a series of truncated 5′-flanking vectors and transiently transfected them into bovine muscle satellite cells and bovine fetal fibroblast cells (Fig. 4) . The ratio of RLA (relative luciferase activity) represents promoter activity. The promoter activity in two cell lines was detected using the Dual-Luciferase Reporter Assay System. The activity of all fragments of the ACTA1 promoter constructed in the luciferase reporter was higher than pGL3-basic in bovine muscle satellite cells and fetal fibroblast cells. The activity of the core promoter 262 bp was the highest among the vectors except at 1589 bp, suggesting that the essential core region of the bovine ACTA1 promoter is located from −232 to +29. It implies that mildly positive cis-acting elements are located between 248 bp and 262 bp. Otherwise, a significant increase of luciferase activity was observed in pGL3-α-actinp262 when compared with that in pGL3-α-actinp248 (p < 0.01) and pGL3-α-actinp332 (p < 0.05). These data provide evidence that the core promoter from the cloned ACTA1 gene was functional, making it possible to study how specific transcription factors and their binding sites regulate ACTA1 expression in bovine muscle satellite cells. Our results showed that the activities of all the promoter fragments of ACTA1 in bovine muscle satellite cells were significantly higher than that in bovine fetal fibroblast cells, but the changes in patterns of activity in the two cell lines were consistent, showing that the ACTA1 promoters cloned in this study were muscle specific.
Results of PCR site-specific mutagenesis
The mutation of the SRE on the pGL3-α-actinp248 and pGL3-α-actinp262 vectors was obtained. The promoter activities showed that (Fig. 5): p248SRE2 -/-< p248 < p262SRE3 -/-< p262SRE2 -/-< p262. The promoter activities of p248SRE2
-/-, and p262SRE3 -/-decreased significantly compared with the corresponding truncated promoters, indicating that SRE2 and SRE3 behaved as positive cis-acting elements. The results showed that pGL3-α-actinp248 with two SRE elements increased 1.9-fold (p < 0.05) compared to pGL3-α-actinp248SRE2 -/-with one SRE; pGL3-α-actinp262 with three SRE elements increased 1.4-fold (p < 0.01) compared to pGL3-α-actinp262SRE2 -/-with two SREs. These results suggested that the enhancement of promoter activity was directly proportional to the quantity of SREs. Furthermore, the promoter activity of pGL3-α-actinp262SRE2 -/-did not change significantly as compared with that of pGL3-α-actinp262SRE3 -/-, suggesting that SRE cis-acting elements located in different positions of SRE2 and SRE3 had no significant difference in regulating promoter activity. Mutagenesis of the SRE did significantly reduce transcriptional activity in bovine muscle satellite cells (differentiation into multinucleated myotubes) but produced only a moderate decrease in bovine fetal fibroblast cells, suggesting that SRE in the bovine skeletal α-actin promoter was muscle tissue specific. 
Transcriptional activity of recombined promoter
We generated the fragment containing the positive cis-acting SRE from the core promoter. Synthetic promoters were designed by ligating the fragment into the core promoter reporter plasmid to enhance promoter activity. The pGL3-double-α-actinp262 containing two fragment clones exhibited approximately 3-fold (p < 0.01) higher activity than the pGL3-α-actinp262 vector (Fig. 6) . The pGL3-triple-α-actinp262 containing three fragment clones exhibited maximal luciferase activity, approximately 8-fold higher than that of the pGL3-α-actinp262 vector (p < 0.01). Furthermore, pGL3-triple-α-actinp262 had higher promoter activities than did the pGL3-cmv positive control. These results indicated that the promoter activity was increased significantly by adding the cis-acting SRE. Meanwhile, promoter activities in bovine muscle satellite cells were much higher than in bovine fetal fibroblast cells. Collectively, these two artificial promoters could increase significantly the activity of ACTA1 promoters while maintaining their muscle tissue specificity. Fig. 6 . Recombinant core promoter. Relative luciferase activities were detected in bovine muscle satellite cells and bovine fetal fibroblast cells. A schematic diagram of artificial promoters, pGL3-basic, and pGL3-cmv is shown on the left. The putative cis-acting elements are marked: ☆, TATA box; △, Sp1; ◯, SRE. The symbols in light gray represent cis-acting elements in the core promoter, those in mid-tone gray are cloned cis-acting elements at first time, and those in dark gray are cloned cis-acting elements at second time. The promoter activities are shown in the histogram on the right. Each value represents an average of three independent transfection experiments. Each error bar represents the standard deviation of the triplicate experiments. *p < 0.05; **p < 0.01. mRNA level of ACTA1 in bovine muscle satellite cells with recombinant promoter The modified promoters pGL3-double-α-actinp262-α-acting and pGL3-triple-α-actinp262-α-acting could increase the level of ACTA1 mRNA 1.8-fold (p < 0.05) and 4-fold (p < 0.01), respectively, as compared with pGL3-basic (Fig. 7A) . The level of mRNA of pGL3-basic did not change significantly as compared with control cells. Furthermore, the level of mRNA of pGL3-triple-α-actinp262-α-acting was higher than that of the pGL3-cmv-α-acting positive control. The results indicated that the recombinant promoter could increase significantly the level of ACTA1 mRNA in bovine muscle satellite cells. 
Protein level of ACTA1 in bovine muscle satellite cells with recombinant promoter
The modified promoters pGL3-double-α-actinp262-α-acting and pGL3-triple-α-actinp262-α-acting could increase the level of ACTA1 protein 1.04-fold (p < 0.05) and 1.1-fold (p < 0.01), respectively, as compared with pGL3-basic (Fig. 7B) . The level of protein of pGL3-basic did not change significantly as compared with control cells. Furthermore, the level of protein of pGL3-triple-α-actinp262-α-acting was higher than in the pGL3-cmv-α-acting positive control. The results indicated that the recombinant promoter could increase significantly the level of ACTA1 protein in bovine muscle satellite cells.
Immunofluorescence characterization and microfilaments in bovine muscle satellite cells with recombinant promoter Nuclei were indicated by clear blue signals localized at the centers of bovine muscle satellite cells (Fig. 7C and D) . Immunofluorescence results showed that green fluorescence of ACTA1 increased (Fig. 7C) . Additionally, total microfilaments increased (Fig. 7D) . The analysis of immunofluorescence and microfilaments showed that ACTA1 increased significantly as compared with results in control cells and pGL3-basic.
DISCUSSION
The genetic factors could affect meat quality, accelerating cumulative and permanent genetic improvement of herds [16] . The ACTA1 gene encodes skeletal muscle α-actin, which is the predominant actin isoform in the sarcomeric thin filaments and is essential, along with myosin, for muscle contraction [17] . The expression of this gene is also correlated with increased volume of muscle fibers [3] . As an essential component of the cytoskeleton and cytoarchitecture, ACTA1 has been regarded as one of the most abundant and conserved proteins in eukaryotic cells. The rate of lean meat volume expansion is a major characteristic in breeding livestock for muscle production traits, and it is tremendously influenced by the expression of ACTA1 [18] . The activity of the promoter with the larger fragment could be simultaneously controlled by the positive and negative elements. Therefore, it was important to identify cis-acting elements located at different sites upstream of the promoter regulating the expression of the ACTA1 promoter. Transcriptional promoters that regulate gene expression in eukaryotes encompass a core promoter and associated upstream regulatory sequences. An average core promoter is approximately 100 bp in length and contains a TATA box along with a transcription start site; these are critical elements for transcription initiation [19] . In our study, the bovine ACTA1 core promoter (from −233 to +29) discovered by luciferase activity analysis contained the classical elements, which were sufficient to activate transcription in bovine muscle satellite cells. It had one typical TATA box (TATAAA), two SP1s, and three SREs. Transcriptional activity of the ACTA1 promoter is delicately orchestrated by cooperative interactions of these transcription factors. The TATA box is usually located upstream of the transcription start site from −25 to −30 bp and controls the accuracy and frequency of transcription initiation [20] . The SP1 transcription factors are a family of zinc finger DNA-binding domain proteins that recognize the DNA-binding motifs GC-box (GGGCGGG) and GT-box (GGTGTGGGG) [21, 22] . It has been shown that SP1 binding sites are essential for protecting CpG islands and non-island DNA regions from de novo methylation [23] . SRE, which is contained in many muscle-specific gene promoters and is important for the differentiation of muscle cells, is recognized by the competitive inhibitor Yin Yang 1 (YY1) and SRF (serum response factor) as activating the expression of muscle-specific genes [24] [25] [26] . A conditional mutation of SRF in skeletal muscle results in a deficiency in muscle growth [27] . In order to validate that SRE in the bovine ACTA1 promoter is essential for promoter activity, we performed mutation analysis. The results showed that the enhancement of promoter activity is directly proportional to the quantity of SRE. We conclude that the activity of the promoter is jointly determined by the variety, quantity, and alignment sequence of the regulatory elements [11] . A tissue-specific promoter can increase the expression of a gene in target tissue but have no impact on other cells. Therefore, tissue-specific promoters are widely used in transgenic animals and gene therapy [28, 29] . We used a novel strategy to modify the bovine ACTA1 promoter to enhance its activity. We cloned a fragment containing identified cis-acting elements from the promoter of ACTA1, and then the fragment was copied by one and two clones, and then linked upstream to the core promoter of ACTA1. The two artificial promoters could increase the activity of ACTA1 promoter 3-fold and 10-fold, respectively. To test the expression of ACTA1 in bovine muscle satellite cells with the two artificial promoters, ACTA1 mRNA and protein levels were analyzed and ACTA1 microfilaments were analyzed by fluorescent microscopy. After 72 h, the results of quantitative RT-PCR and western blot were consistent with the immunofluorescence characterization and microfilament analysis, confirming that ACTA1 increased significantly as compared with control cells and pGL3-basic during the differentiation of bovine muscle satellite cells with recombinant promoters. These recombinant promoters might improve muscle mass in livestock. In this system, we improved the promoter activity significantly using naturally occurring sequences containing numbers of positive cis-acting elements rather than entire promoters or artificially combined regulatory elements. Our results demonstrate that this approach is very efficient in improving the activity of the ACTA1 promoter while maintaining its muscle tissue specificity. This modified ACTA1 promoter will be useful for generating transgenic bovine models in which transgenes can be expressed efficiently and specifically in muscle cells.
